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Whole-mount airway preparations isolated from the
lungs of mice treated by intraperitoneal injection of
naphthalene and allowed to recover for 5 days were
examined for the distribution and abundance of sol-
itary pulmonary neuroendocrine cells (PNECs) and
neuroepithelial bodies (NEBs) along the main axial
pathway of the right middle lobe. Sham mice treated
with corn oil vehicle were examined in a similar
manner. An antibody to calcitonin gene-related pep-
tide, a neuroendocrine cell marker, was used to iden-
tify the location, size, and number of PNECs and NEBs
in the airways. After naphthalene treatment and epi-
thelial repair, NEBs were significantly increased
along the walls of the airways as well as on branch
point ridges. The surface area covered by NEBs com-
posed of 20 or fewer PNECs was significantly enlarged
after naphthalene treatment compared with control
NEBs of an equivalent cell number. The PNEC number
per square millimeter was also increased more than
threefold above control values after naphthalene
treatment. These findings provide further support for
a key role of neuroendocrine cells in the reparative
process of airway epithelial cell renewal after injury.
(Am J Pathol 2000, 156:279–286)

Pulmonary neuroendocrine cells (PNECs) are rare epithe-
lial cells found throughout the bronchial airway tree as
solitary cells (PNECs) or clusters of cells (NEBs). These
cells secrete a variety of neuropeptides thought to play a
role in fetal lung development and airway function.1–6

PNECs are thought to be increased in chronic lung dis-
eases such as bronchopulmonary dysplasia, cystic fibro-
sis, and asthma.7–9 Extended exposure to a variety of
pollutants such as tobacco smoke,10 nitrosamines,11–13

naphthalene,14 and ozone15 or exposure to hypoxic con-
ditions16 also results in PNEC hyperplasia. The normal
physiological functions of PNECs and their neuropep-

tides in the neonatal and adult lung, as well as in epithe-
lial repair of the airways after injury, are not well under-
stood. It is known that NEBs serve as chemoreceptors
that respond to airway hypoxia.17,18 PNECs and their
secretory peptides are also thought to regulate airway tone
and pulmonary blood flow during respiration.1,4–6,19,20

Calcitonin gene-related peptide (CGRP), a known pulmo-
nary vasodilator6,20 and bronchoconstrictor,1 is one of
several neuropeptides secreted by PNECs.

Owing to the rarity of PNECs and NEBs within the lung
airways, mechanisms that lead to hyperplasia of this cell
type after epithelial injury are difficult to evaluate. Studies
have demonstrated that PNECs contribute less than 0.4%
to the total airway epithelium in neonates and less than
0.02% in adults.21,22 Paraffin sections, even taken from
carefully selected tissue blocks of the lungs, are still
extremely difficult to use to determine site-specific
changes of PNECs in the airways. To overcome this
deficiency, a whole-mount immunohistochemical ap-
proach was implemented in this study to map the entire
axial airway path in one lobe of the lungs.23 All PNECs in
each whole-mount preparation were visualized using
CGRP immunoreactivity (CGRP-IR) as a cell marker.

Naphthalene, an aromatic hydrocarbon found in to-
bacco smoke,24 destroys nonciliated bronchial epithelial
(Clara) cells in the mouse due to activation of cytotoxic
epoxides by cytochrome P450–2F2 within these cells.25

Acute naphthalene toxicity also results in PNEC hyper-
plasia that is detectable 5 days after treatment.14 There-
fore, we chose to use naphthalene to study the mecha-
nisms of PNEC hyperplasia after epithelial injury, using
this same timeframe.

A primary objective of our study was to investigate how
PNECs and NEBs respond to acute airway epithelial-cell
injury, by addressing the following questions: 1) Is PNEC
hyperplasia dependant on airway generation? 2) Do
changes in PNECs occur predominantly at airway bifur-
cations or along airway walls as well? 3) Do the size and
shape of NEBs change during the process of epithelial
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repair? 4) Do the numbers of PNECs and NEBs change
during the period of recovery from naphthalene-induced
epithelial injury? Answers to these questions could help
us to further understand the location and nature of PNEC
hyperplasia in the lungs, because this hyperplasia does
not appear to be simply an increase in the size of existing
NEBs.14,26

Materials and Methods

Animals and Treatment

Animals were obtained from Taconic Farms Animal
Breeders (Germantown, NY) and housed in a pathogen-
free environment for 1 week of acclimatization and ob-
servation before treatment. Naphthalene (300 mg/kg) in
corn oil vehicle or vehicle alone was administered intra-
peritoneally to male FVB/n mice (6 mice/group) at 12 to
14 weeks of age. The lungs were harvested 5 days
postinjection and inflation-fixed in 95% ethanol:glacial
acetic acid (99:1).

Tissue Preparation and Microdissection

The right middle lobe was used for airway isolation. The
main axial airway path was separated from the surround-
ing parenchyma and vasculature and all airway daughter
branches were trimmed off using microsurgical scissors
and the aid of a dissecting microscope.23,27 The axial
airway was cut open longitudinally to facilitate subse-
quent immunohistochemical steps and microscopic ob-
servation of the flattened airway under a coverslip. Before
immunostaining, the microdissected airways were stored
in 70% ethanol.

Reagents

The primary antibody, polyclonal rabbit anti-rat CGRP,
was obtained from Sigma Chemical Co. (St. Louis, MO).
The biotinylated goat anti-rabbit antibody, goat serum,
and avidin-biotin peroxidase complex were purchased
from Vector Laboratories (Burlingame, CA). Diaminoben-
zidine tetrahydrochloride was purchased from Sigma in
tablet form. All other fixatives, solvents, and chemicals
were purchased from Sigma and Fisher Scientific (Pitts-
burgh, PA).

Whole-Mount Immunohistochemistry

CGRP, a specific protein marker expressed in neuroen-
docrine cells, was used to visualize PNECs and NEBs.
Immunohistochemistry was performed as previously de-
scribed,23 with minor modifications. Briefly, all steps were
carried out at room temperature unless otherwise speci-
fied. The microdissected airways were dehydrated in
ethanol, cleared in xylene, and rehydrated in a graded
series of ethanol. Endogenous peroxidase was blocked
with aqueous 3% hydrogen peroxide (H2O2). Airways
were washed in phosphate-buffered saline (PBS) and

blocked and permeabilized in 20% goat serum and 0.5%
Triton X-100 in PBS for 80 minutes. The airways were
incubated for 36–40 hours at 4°C in CGRP antiserum at
a dilution of 1:500 in 20% goat serum/PBS-blocking so-
lution. Airways were washed in PBS and incubated in
biotinylated goat anti-rabbit antibody at a 1:200 dilution in
20% goat serum/PBS for 4.5 hours at 4°C, followed by 1
hour at room temperature. Airways were washed in PBS
and incubated overnight at 4°C in avidin-biotin peroxi-
dase complex reagent made according to Vector Labo-
ratory specifications. The airways were washed in PBS
and subsequently immersed in a solution of 0.5% diami-
nobenzidine tetrahydrochloride, 0.005% NiCl, and
0.075% H2O2 for 5 minutes. The reaction was stopped in
two changes of PBS. The airways were stored in PBS at
4°C before analysis.

Morphometry

Each airway path was categorized into two distinct ana-
tomical locations: 1) airway bifurcations consisting of the
branch point ridge and 2) airway segments or genera-
tions forming the region between airway branch points.23

For ease in identification, airway bifurcations were cate-
gorized numerically from a proximal to distal direction
beginning at the first intralobar bifurcation of the right
middle lobe. This numbering approach was used in place
of the more traditional binary classification system,27 be-
cause only the axial pathway was monitored in this study.
Airway segments were also numbered beginning with the
first airway generation immediately after the first intralo-
bar bifurcation of the right middle lobe (Figure 1).

Airway whole mounts immunostained with CGRP were
placed in a pool of PBS on a glass slide, and images
were captured with a Leica MZ12 dissecting microscope
(Heerbrugg, Switzerland) linked to a Macintosh 2ci com-
puter with a Dage-MTI video camera (Michigan City, IN).
All images were captured and analyzed by using the
public domain digital image processing software NIH
Image (National Institutes of Health, Bethesda, MD).
Each whole-mount airway image was traced and used to
map and record the location of each CGRP-IR NEB for all
airway preparations (Figure 1). NEBs were considered to
be two or more adjacent CGRP-IR cells. Cytoplasmic
staining of the NEBs with CGRP-IR material was con-
firmed by embedding the whole-mount airway prepara-
tions in Immunobed (Polysciences, Warrington, PA) and
cutting 1.5-mm-thick sections (see Figure 8B and Figure
9, A and B, below). Each airway tracing was also used to
measure the total surface area from the 1st to the 15th
airway generation for each axial airway. Total NEB num-
bers normalized to surface area could subsequently be
expressed for the first 15 airway generations.

Using the map of each airway whole mount as a refer-
ence, individual images of each NEB in the airways of all
control and naphthalene-treated animals were captured
at magnification 340 on an Olympus BH2 light micro-
scope, using a Dage video camera linked to a Macintosh
2ci computer. More than 150 NEBs were imaged for each
experimental group along the entire axial airway path.
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With NIH Image software, the area and shape of each
NEB were determined. The numbers of CGRP-IR cells/NEB,
as well as the number of nonreactive cells within a
NEB, were counted. Solitary PNEC frequency was deter-
mined by counting the number of PNECs in four random
fields per animal from each airway generation group (ie,
airway generations 1–3, 4–6, and 7–9). Each field was
photographed with a Dage video camera, using an Olym-
pus BH2 light microscope and a 203 objective lens.

Statistics

All data are presented as mean 6 1 SEM. Five animals
were analyzed in the control group, and six animals were
analyzed in the group treated with naphthalene. The
numbers of NEBs at different airway generations and
bifurcation ridges were compared between control and
naphthalene groups, using analysis of variance (Statview
software v.4.5; Abacus Concepts, Berkeley, CA). The
total number of NEBs and the relative density of PNECs
between control and naphthalene-treated mice were
compared using an unpaired Student’s t-test. The signif-
icance of trends between control mice and mice treated
with naphthalene was tested by repeatedly analyzing
variances. Significance was considered to be at P ,
0.05.

Results

PNECs and NEBs along the entire length of the axial
airway path of the right middle lobe exhibited CGRP-IR
staining. NEBs in control mice were widely scattered
along the airway, whereas, in mice treated with naphtha-
lene, NEBs were frequently located in close proximity, in
groups of two to three. For both control and naphthalene-

treated mice, the total number of CGRP-IR NEBs on
bifurcation ridges significantly decreased in a proximal to
distal direction along the main axial airway path (Figure
2A; P , 0.05). There was also a significant decrease (P ,
0.05) in the number of CGRP-IR NEBs in proximal airway
segments compared with distal airway segments for both
control and naphthalene-treated mice (Figure 2B) from
airway generations 1 to 15. The reduction in NEB number
as a function of branch point number or airway genera-
tion was also associated with a decrease in tissue area
going from the proximal to distal airways (Figure 1). When
the NEB number was normalized to airway surface area
(Figure 2C), no significant differences could be detected
in NEB numbers from generations 1 to 15 for either con-
trol mice or mice treated with naphthalene (P , 0.05).
NEBs were two- to fivefold more prevalent on airway
segments than airway ridges in both control and treated
tissue (Figure 2, A and B). Naphthalene treatment was
associated with a clear trend of increased numbers of
NEBs at both anatomical locations.

To determine whether these trends were significant,
the absolute numbers of NEBs present in the first nine
bifurcations and airway segments were analyzed. The
total number of CGRP-IR NEBs was significantly in-
creased after naphthalene treatment on both bifurcation
ridges (Figure 3A) and along airway segments (Figure
3B) compared with the control group (P , 0.05). Be-
cause absolute numbers of solitary PNECs were difficult
to count due to their abundance and small size in the
airways, their numbers were expressed per square milli-
meter of airway surface area, derived from counting a
minimum of four randomly selected fields for each group
of airway segments. Solitary PNECs were increased
threefold after naphthalene treatment compared with
control values (Figure 3C; P , 0.05).

Figure 1. Whole-mount airway preparation of the main axial pathway of the right middle lobe of the mouse. The numerical designation of airway bifurcation
ridges begins with the first intralobar bifurcation. The numerical designation of airway generations of the axial pathway also begins immediately after the first
intralobar airway branch point (arrowhead). Airway generations 1 to 3, 4 to 6, 7 to 9, and 10 to 12 are identified by the vertical lines superimposed over the
image. NEBs (arrows) can be visualized sporadically dotting the surfaces of the airway. Scale bar, 1 mm.
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The frequency of NEBs grouped by total cell number
was analyzed for both control mice and mice treated with
naphthalene. NEBs were grouped by total cell number
and expressed as a percentage of the total NEB number
(Figure 4). Although the proportion of smallest NEBs (ie,
cell clusters formed by 2–5 cells) was increased in the
airways of mice treated with naphthalene, compared with
control mice, this difference was not statistically signifi-

cant. In contrast, the total surface area of neuroendocrine
cell clusters composed of 2 to 5, 6 to 10, 11 to 15, and 16
to 20 cells per NEB was significantly greater in mice
treated with naphthalene compared with the control
group (Figure 5; P , 0.05). Cellular hypertrophy was
evident only in NEBs composed of 20 cells or less.

The shape of NEBs observed varied in both control
and naphthalene groups. In control mice, the majority of
NEBs were compact and uniformly round or ovoid in

Figure 2. NEB distribution and abundance in the main axial airway path of
the right middle lobe in mice treated with corn oil (control) or naphthalene.
A: The number of NEBs on airway bifurcations; B: The number of NEBs on
airway generations; C: The number of NEBs per square millimeter for differ-
ent airway generations, demonstrating that NEB frequency was similar along
the entire axial airway path.

Figure 3. Total NEB numbers found on the first nine bifurcations (A) or the
first nine airway generations (B) of the main axial airway path of the right
middle lobe in mice treated with corn oil (control) or naphthalene. The
density of solitary neuroendocrine cells (PNECs) is shown (C) for control
mice and for mice treated with naphthalene. An asterisk designates a
significant difference from the control value (P , 0.05).
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shape (Figure 6A). However, approximately 20% were in
irregularly arranged shapes (Figure 6B). In mice treated
with naphthalene, NEBs also had compact, round shapes
similar to those observed in control mice (Figure 6C), but,
in contrast, more than 40% of the NEBs had irregular
shapes with “budding” cells at the margins of the cell
cluster (Figure 6D). These irregularly organized NEBs in
the naphthalene-treated group were significantly in-
creased over the control group (Figure 7; P , 0.05).
NEBs in mice treated with naphthalene frequently ap-
peared to be spreading outward from a central point
within the NEB, with unstained cells found in the interior
of these bodies and positive cells surrounding them
(Figure 8A).

A unique feature of the most irregular NEB formations
in mice treated with naphthalene was the presence of
small CGRP-IR cells surrounded by more squamated
cells (Figure 8, A and B). The shape and size of these
neuroendocrine cell clusters were likely to be influenced
by the ongoing process of epithelial repair. In tissue
sections prepared from airways embedded in immuno-
bed, flattened epithelial cells undergoing re-epithelializa-
tion of the airways could clearly be seen surrounding
CGRP-IR cells (Figure 9, A and B).

Discussion

We have demonstrated that acute airway injury caused
by naphthalene injection results in rapid PNEC and NEB
hyperplasia and hypertrophy. The repair process of the
conducting-airway epithelium is associated with an in-
crease in the number of cells exhibiting CGRP-IR for both
solitary PNECs and clusters (NEBs) of neuroendocrine
cells. The whole-mount procedure allowed us to sample
the entire axial airway path and to document the increase
in this rare epithelial-cell population. We were also able to
anatomically pinpoint where hyperplasia occurred along
the airways. Because the entire NEB could be visualized
in each airway segment, we were able to precisely mea-
sure the size and shape of each NEB.

Our data demonstrated a significant difference in the
number of CGRP-IR NEBs in the proximal airways com-
pared with the distal airways, for both control and naph-
thalene-treated groups (Figure 2, A and B). However,
because total surface area decreases as a function of
distance down individual airways, normalization of NEBs
to the actual airway surface area present revealed no
significant difference in NEB frequency from the proximal
to more distal airways of the lungs. Hoyt and colleagues28,29

found NEBs to be more numerous in proximal airway
generations versus distal generations. However, this
observation was made in a single three-dimensional re-
construction of a hamster lung, using serial paraffin sec-
tions. Avadhanam and coworkers23 also found greater
numbers of NEBs in proximal airways versus distal air-
ways in whole-mount preparations, but did not normalize
NEB frequency to airway surface area.23 The whole-
mount preparation in this study allowed us to sample the
entire airway and to normalize the data to the total surface
area of the airway. This approach allowed for a more
accurate and complete detection of this rare epithelial-
cell type than can be done in paraffin sections.

Our data suggest that NEBs along the airway seg-
ments, as well as at bifurcation ridges, respond to the
same environmental cues. The density of NEBs in both of
these regions is constant along the entire proximal-to-
distal path of the main axial airway of the right middle
lobe (Figure 2C). The relative numbers of NEBs both
along airway segments and on airway bifurcations in-
creases in response to naphthalene (Figure 3, A and B).
The ratio of segmental NEBs to NEBs within bifurcation
zones was constant along the entire airway path (proxi-
mal to distal) in both control and naphthalene-treated
animals (Figure 2, A and B). Therefore, we conclude that
the increase in NEB density after naphthalene exposure
is the result of an expansion of both anatomical popula-
tions of NEBs.

The increase in NEBs after naphthalene treatment was
due in large measure to an increase in small NEBs in the
2- to 5-cell range (Figure 4). This pattern of hyperplasia
agrees with the study by Stevens et al,14 who used an
identical mouse injury model injected with naphthalene,
as well as that of Joad et al,26 who used rats exposed to
side-stream tobacco. Both groups of investigators re-
ported increased numbers of NEBs, but found that the
average size of the NEB was similar in control animals

Figure 4. Distribution of NEBs grouped by cell number per NEB for cell
clusters of 60 cells or less, expressed as the percentage of the total number
of NEBs. The naphthalene mice showed an increase in the smallest NEBs
(2–5 cells) compared with control.

Figure 5. NEB area for cell clusters of different numbers. Treatment of mice
with naphthalene was associated with a significant increase in area for NEBs
of 20 cells or less in size. An asterisk designates a significant difference from
the corresponding control value (P , 0.05).
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compared with treated animals. This finding suggests
that the increase in NEBs was due to proliferation of
solitary PNECs and small NEBs rather than simply an
enlargement of existing NEBs. NEBs containing from 2 to
20 cells/NEB were significantly enlarged based on total
surface area per NEB (Figure 5). There was no hypertro-
phy evident in NEBs larger than 21 cells/NEB. These data

correspond well with those of Springall et al,30 who also
reported an increase in CGRP-IR attributed to cell hyper-
trophy.

It should be noted that the unusual shapes (Figures 6
and 8) and close proximity of neighboring NEBs in the
airways of animals treated with naphthalene may imply
that solitary PNECs “bud off” from larger NEBs, with
subsequent proliferation into small NEBs (2–5 cells/
body). A number of points support this concept: 1) Cells
within large NEBs are more dispersed in the airway
epithelium of animals treated with naphthalene (Figure 7),
2) epithelial surfaces undergoing repair contain in-
creased numbers of small NEBs (2–5 cells; Figure 4),
3) NEBs tend to be clustered in the airways of mice after
treatment with naphthalene, and 4) epithelial surfaces in
the process of repair have an increased number of soli-
tary PNECs (Figure 3C). Hyperplasia of NEBs is likely to
involve PNEC proliferation, although we cannot eliminate
the possibility that other cells, such as Clara cells, may
also differentiate into PNECs.

There was also a significant increase in the number of
solitary PNECs within airway generations 1 through 9
(Figure 3C). When averaged for all airway generations,
the frequency of these cells increased threefold com-
pared with control. Increases were reported for both

Figure 6. Whole-mount airway images of NEBs in control (A and B) and naphthalene-treated (C and D) mice. Compact ovoid clusters of cells were present
(A and C), as well as irregularly arranged clusters of cells (B and D) in both groups of mice. Scale bar, 20 mm.

Figure 7. The percentage of irregularly arranged clustered neuroendocrine
cells more than doubled in the airways of mice treated with naphthalene
compared with control mice. An asterisk designates a significant difference
from control value (P , 0.05).
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PNECs and NEBs in a model of ozone-induced PNEC
hyperplasia.15 This is in contrast to previous work from
our laboratory, using paraffin sections,14 in which hyper-
plasia was characterized by increased numbers of NEBs;
however, a trend toward increased numbers of solitary
PNECs did not reach statistical significance, possibly
due to insufficient sample size. PNECs are a rare cell
type, and the use of the whole-mount preparation allowed
us to identify more accurately a statistically significant
increase in PNECs throughout all airway generations of
the main axial path of the right middle lobe. The number
of regions that can be sampled for PNECs was very small
in paraffin sections compared with the airway whole
mount. In the paraffin sections, less than 0.1 site/mm of
basement membrane was found, whereas, in the whole-
mount preparation, 5 to 20 solitary PNECs were counted
per mm2 (Figure 3C). The rarity of this cell type requires
a large sample area. Because most studies are done on
paraffin sections, this may explain why there are conflict-
ing results regarding the hyperplasia of solitary PNECs.

We can only speculate regarding the origin of the
additional PNEC at this time. It is possible that the in-
crease in solitary PNECs and small NEBs (five cells or
less) in the naphthalene-injured lung is due to prolifera-
tion and differentiation of existing PNECs. The irregular

shapes of the NEBs in naphthalene-injured lungs suggest
that solitary PNECs are derived from existing NEBs. Re-
cent data from our laboratory demonstrate that both Clara
cell secretory protein (CCSP)- and CGRP-immunoposi-
tive cells within NEBs undergo proliferation based on
[3H]-thymidine incorporation.31 A second possibility is
induction of CGRP expression in existing PNECs or PNEC
precursors. A third possibility is that solitary PNECs arise
from non-pulmonary neuroendocrine progenitor cells and
subsequently develop into small NEBs. Other studies
suggest that PNEC hyperplasia may be due to prolifera-
tion and differentiation of non-CGRP-expressing neu-
roendocrine cells.11,13

We know that Clara cells are injured by naphthalene,
but what is the relationship between Clara cell injury and
repair and PNEC alterations, including hyperplasia and
hypertrophy in the mouse airways? Do PNECs proliferate
first to stimulate Clara cell repair? Could they be the
progenitor cells for Clara cells, or could they stimulate
another cell type to mature into a Clara cell? These are
only some of the many interesting questions still to be
answered to better understand the role of PNECs in ep-
ithelial airway repair after injury.
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